which activate downstream effectors to bring about cytoskeletal changes 23 essential for cell shape change 24
In this study, we identify molecular players that mediate and serve as 25 important regulators of Fog signaling in the embryonic CNS. We find that 26 while Cta is essential for Fog signaling neither receptors, Mist nor Smog 27 mediates signaling in the CNS. On the contrary, we find that Smog functions 28 as a negative regulator of the pathway. Surprisingly, Heartless which encodes 29 a fibroblast growth factor receptor, also functions as a negative regulator of 30 Fog signaling. Further, we find that both heartless and smog interact in a 31 synergistic manner to regulate Fog signaling. 32
This study thus identifies novel regulators of Fog signaling that may 33 play an important role in fine-tuning the pathway to control cell 34 morphogenesis. It also suggests the likelihood of there being multiple 35 receptors for Fog that mediate and regulate signaling in a context specific 36 manner. 37 38 Author Summary: 39
In Drosophila, Folded gastrulation (Fog) functions as ligand that signals via 40 GPCRs to regulate cell shape during gastrulation -one of the earliest events 41 in embryogenesis. Here, Fog signals via receptors Mist and Smog to activate 42 the G-protein Concertina to elicit change in cell shape. In the embryonic 43 central nervous system (CNS) this pathway regulates shape and organization 44 of glia important for functions such as insulation of neurons and synapses. 45
The mechanism of Fog signal transduction in the CNS and its regulation is 46 not well understood. We have sought to address these questions in our 47 study. We find that Concertina is an essential factor for Fog signaling in the 48 Introduction 5 the adult olfactory lobe for compartmentalization of olfactory glomeruli 91 (Franzdóttir et al., 2009; Stork et al., 2014; Wu et al., 2017) 92 The extent of molecular conservation between Fog signaling in the 93 CNS and the ventral furrow has not been determined. Further, molecular 94 mechanisms involved in the regulation Fog signaling are still poorly 95 understood. Through a wing based genetic screen, we identified regulators of 96 mitochondrial fusion and fission as downstream modulators of Fog signaling 97 (Ratnaparkhi, A., 2013) . Mutations in rptp52F (ptp52F) which encodes an 98 orphan receptor tyrosine phosphatase (Schindelholz et al., 2001) , leads to 99 formation of an irregular ventral furrow similar to fog mutants and genetic 100 epistasis places ptp52F downstream of fog (Ratnaparkhi and Zinn.,2007) . 101
The genetic interaction between ptp52F and fog suggests that pathways 102 involving tyrosine phosphorylation, are likely to regulate Fog signaling. 103
Supporting this, we identified elements of the Heartless signaling as being 104 epistatic to Fog in our screen (data not shown). The Furthermore, htl and smog interact genetically in a synergistic manner 116 indicating that the two genes function as part of common genetic pathway to 117 regulate Fog signaling. Supporting this, we find that Smog staining, but not 118 mRNA levels, is reduced in htl mutants pointing towards a regulatory 119 mechanism that is post-transcriptional. 120
Our study thus identifies htl as a novel regulator of Fog mediated 121 GPCR signaling that functions by regulating the levels of Smog. It also 122 6 highlights the context dependent function of Smog that might serve to fine-123 tune signaling in a tissue specific manner. 124
Results 125
Concertina is essential for Fog signaling in the CNS. 126
Expression of fog is enriched in a subset of LG glia in the embryonic 127 CNS and downregulation of fog leads to change in glial size and morphology: 128 the LG become smaller and more spherical in shape (Ratnaparkhi and Zinn., 129 2007; Compare Fig 1A and 1B) . We knocked down concertina (ctaRNAi) in 130
LG using RNAi to determine whether it exerts a similar effect on LG 131 morphology. Similar to fogRNAi, LG in these embryos appeared small and 132 more spherical (Fig. 1C) . A measurement of the aspect ratio of these cells 133 revealed a small but significant decrease of 13% compared with control ( Fig.  134 1D). 135
Overexpression of fog in glia, leads to disorganization of the glial 136 lattice and embryonic lethality (Ratnaparkhi and Zinn., 2007) . In terms of 137 morphology, LG appear stretched and more tightly packed. A closer look at 138 the disorganization revealed that in some segments, LG were present either 139 at the midline or closer to the midline with processes extending across ( Fig.  140 1E, asterisk). We refer to this phenotype as ectopic 'glial midline-crossing' or 141 GMC for short. Interestingly, overexpression of concertina did not significantly 142 alter glial organization; however, expression of a constitutively active 143
Concertina (UAS-cta Q303L / UAS-cta CA ) led to severe defects: LG were 144 scattered and appeared stretched. The CNS of these embryos failed to 145 condense ( Fig. 1F) . 146
We carried out genetic epistasis experiments to determine whether 147 concertina is essential for Fog signaling using the GMC as an assay. Indeed, 148 overexpression of fog in a concertina mutant led not only to a completely 149 suppression of GMC, but also rescued the lethality caused by fog 150 overexpression. Compared with 37% GMC in UAS-fog embryos, we did not 151 observe any crossovers in the absence of concertina. (Fig. 1G, K) . 152
Fog is also expressed in neurons and seen to regulate axon guidance 153 (Ratnaparkhi and Zinn., 2007) . Pan-neuronal overexpression of fog in 154 7 neurons leads to ectopic axonal midline crossing (AMC). As with GMC, loss 155 of concertina led to a complete suppression of AMC ( Fig.1J Smog is expressed maternally and is present ubiquitiously in 168 blastoderm embryos (Kerridge et al., 2016) . Consistent with this, we observed 169 a uniform and punctate Smog staining in early blastoderm embryos ( Fig. 2A ). 170
Later, during gastrulation, a more localized expression was detected in 171 invaginating cells of the ventral furrow ( Fig. 2B ). In the nervous system, Smog 172 expression appeared remarkably similar to Fog with staining seen in the CNS 173 ( Fig. 2C ) and peripheral chordotonal organs (CHO; Fig. 2E and 2E'). The 174 intensity of staining was reduced upon knock-down of smog using RNAi (Fig. 175 2D, 2F and 2F'). We quantified the decrease in staining by measuring 176 fluorescence intensity at the CHO. Compared to control, embryos expressing 177 smogRNAi showed a 40% decrease in staining intensity ( Immunohistochemistry with the pre-immune serum did not exhibit any specific 184 staining in the CNS or the PNS ( Fig. S1C and S1D). Fog signaling. As a first step, we examined LG organization in htl mutants to 211 determine the extent of similarity, if any, to fog loss-of-function and gain-of-212 function embryos. In htl AB42 -a null mutant of the gene (Gisselbrecht et al., 213 1996) LG appeared small and more clustered. The glia seemed to adhere 214 more closely in a manner that was more similar to fog overexpression than 215 fogRNAi or cta mutants. Occasional breaks in the glial tracts were also 216 observed (Compare Fig. S2A and S2B). The tendency to cluster was also 217 observed upon knock-down of htl using RNAi (Fig. S2C ). In terms of 218 organization, the LG were mildly disorganized. A detailed comparison of LG 219 9 size in htl AB42 mutants, and embryos expressing UAS-htlRNAi revealed a very 220 modest (5%) decrease. Interestingly, neither overexpression of constitutively 221 active htl (lhtl) nor the ligand thisbe, altered organization, size or aspect ratio 222 of the LG. Hyperactivation of the pathway was confirmed by the robust 223 increase in glial number seen upon driving expression with repo-GAL4. 224
Using GMC and AMC as an assay, we examined whether Fog and Htl 225 signaling pathways interact genetically. Interestingly, co-expression of UAS-226 htlRNAi with UAS-fog in glia led to a strong increase in GMC: the phenotype 227 was observed in 51% of the segments compared to 38% in UAS-fog embryos 228 ( Fig. 4B and 4D ). In a htl AB42 mutant, 63% of the segments showed GMC 229 ( Fig. 4C and 4C' and 4D). Further, LG in these embryos seemed tightly 230 packed ( Fig. 4B and 4C) and, in more severe cases, the clusters localized at 231 the midline ( Fig. 4C ', arrow). Enhanced GMC was also seen in htl AB42/YY262 232 and htl YY262 mutants (65% and 67% respectively; Fig. 4D ). Consistent with 233 these results, compared with controls (htl-GAL4, UAS-Cd4tdGFP>UAS-fog), 234 the number of embryos with >3 GMC was considerably more in the mutant 235 pool ( Fig. 4E ). In htl mutants alone, GMC was observed at a low frequency of 236 5%. This, together with the above results suggests that loss of htl enhances 237 the phenotype of UAS-fog and thus functions as a negative regulator of the 238 Fog signaling. 239
Downstream-of-FGF (Dof) is a negative regulator of Fog signaling. 240
Fog and htl also function in neurons: both genes are known to play a 241 role in axon guidance (Forni et al., 2004; Ratnaparkhi and Zinn., 2007) . 242
Based on this, we sought to test whether they interact in similar manner in the 243 neuronal context as well. Similar to the results with GMC, co-expression of 244 UAS-htlRNAi with UAS-fog led to a near two-fold increase (49%) in AMC. results, loss of dof 111 led to an increase in AMC comparable to htl mutants: 251 74% of the segments showed midline-crossing ( Fig. 4J & 4L ). This indicates 252 10 that the signaling pathway mediated by Htl, and not just the receptor, 253 regulates Fog signaling. 254
We confirmed that the observed increase in 'midline-crossing' was due 255 to upregulation of Fog signaling, by expressing UAS-fog in a double mutant 256 lacking both cta and htl (cta RC10 ; htl AB42 ). Indeed, midline-crossing was 257 strongly suppressed in these embryos (5.6 %; Fig While one cannot rule out promiscuous signaling as a reason for the 267 enhancement, this suggests Htl needs to signal at a certain optimal level in 268 order to modulate the Fog pathway; too much or too little signaling leads to 269 upregulation of the Fog pathway. Together, the results described above 270 indicate that Htl signaling functions to restrict Fog activity in the embryonic 271
CNS. 272
The interaction between fog and htl is cell autonomous. 273
Being a secreted ligand, overexpression of Fog in glia also affects 274 neurons resulting in ectopic axonal midline crossing albeit at a lower 275 frequency (Ratnaparkhi and Zinn., 2007) . To test if htl can influence Fog 276 signaling in a non-cell autonomous manner, we co-expressed UAS-fog with 277 UAS-htlRNAi in glia and examined its effect on AMC. In htl-GAL4>UAS-fog 278 embryos, the frequency of AMC is approximately 8 % ( Fig. 5B & 5G ). This is 279 completely suppressed upon loss of cta, which further confirms that it is 280 essential for signaling ( Fig. 5C ). Interestingly, glial expression of UAS-fog and 281 UAS-htlRNAi did not enhance AMC (12%; Fig This latter result thus indicates that the increase in AMC must arise due to 289 interaction between fog and htl in neurons. Based on this, we conclude that 290
Htl functions in a cell autonomous manner to regulate Fog signaling. 291
Htl and smog interact in a synergistic manner to regulate Fog signaling. signaling, we checked if the two genes interact to regulate the pathway. To 297 test this, we expressed UAS-fog in neurons using C155-GAL4, which 298 produces a weak AMC phenotype in about 6% of the segments (Fig 6B and  299   6E ). Knockdown of smog using RNAi led to a small but significant 300 enhancement in AMC (13%; Fig. 6E ). A stronger enhancement of the 301 phenotype was observed upon co-expression with smogRNAi in a smog KO/+ 302 mutant (43%; Fig. 6C and 6E ). 303
To test if htl and smog interact in a synergistic manner, we scored for AMC in 304 embryos that were heterozygous for both smog and htl (smog KO /+; htl AB42 /+). 305
Interestingly, while neither loss of one copy of smog KO or htl AB42 had any 306 significant effect on AMC (6%, and 8% respectively; Fig. 6E ), a dramatic 307 increase was observed in smog KO Further supporting this, we observed reduced Smog staining in dof mutants 321 (28%; Fig. S4 ). Interestingly, we did not observe any significant increase in 322
Smog staining in embryos expressing UAS-lhtl or UAS-thisbe ( Fig. S5 ) 323
indicating that the control of Smog levels is unlikely to be due to a 324 transcriptional regulation by htl. To test this, we checked smog mRNA levels 325 in wildtype and htl AB42 mutant embryos using quantitative RT-PCR (qPCR). 326
Smog encodes multiple splice variants which, at the protein level, differ 327 from each other at the C-terminus. Of these, the mRNA for smogF is the 328 longest while smogB is the smallest with a short C-terminal domain that is 329 unique compared to other isoforms. Using primers specific to smog B, D and 330 F variants, we measured both, the relative abundance of these variants in 331 wildtype embryos and the change in expression, if any, in htl mutants. The 332 results from the qPCR revealed that smog splice variants are differentially 333 expressed in the embryo with smogF being the most abundant of the three 334 ( Fig. S6 ). They also showed that mRNA levels of these transcripts are not 335 significantly altered in htl AB42 mutants (Fig.7J ). As a control, we carried out 336 qPCR to compare the transcript level of htl in the mRNA isolated from 337 wildtype and htl AB42 mutants and found a 70% reduction in htl mutants 338 contexts and its mode of regulation needs to be understood. We have 354 addressed some of these questions in the context of the embryonic CNS. 355
It is established that Concertina is essential for Fog signaling during 356 gastrulation (Morize et al., 1998) . Our study shows that this holds good in the 357 context of the CNS as well, given that both AMC and GMC due to Fog 358 overexpression is completely suppressed in a concertina mutant (Fig. 1) . In 359 addition, the lethality caused by Fog overexpression in glia is also 360 suppressed. 361
A key finding here is the interaction between fog and htl which signal to 362 regulate morphogenesis, first during gastrulation (Leptin.,1999) region of the other, was cut to mark the genotype; the embryos were mixed 504 and stained in the same tube. 505
Images were obtained using a Leica SP8 confocal system. All glial images 506 were obtained using a 63X objective (N.A = 1.4); a 40X objective (N.A = 1.4) 507 was used to for all axonal images. Abdominal segments A1-A7 and A2-A7 508 were used to quantify axonal midline crossing and glial midline crossing 509 respectively. While imaging for measuring intensity, we have used identical 510 confocal settings for control and experimental samples. 511
Geometric Measurements 512 18
Aspect ratio was measured using the ImageJ software (NIH). For a given glia, 513
individual 'z' sections were scanned and the section in which the glia 514 appeared to be of maximum size was selected. The outline of the cell was 515 drawn manually using Repo staining (nuclear) and the membrane-GFP 516 staining as markers. The 'fit ellipse' and 'shape descriptor' tool in imageJ was 517 used to obtain values for aspect ratio. For each embryo 20 dorso-medial LG 518 were randomly selected for analysis; 20-25 embryos were used for each 519 genotype. The values obtained for aspect ratio were normalized to their 520 respective control. These indices are unitless. 521
Measurement of Smog intensity 522
The intensity of Smog staining at the chordotonal organ was quantified using 523 the Image J software (NIH, Bethesda). We have measured the intensity of 524
Smog staining for each individual neuron by manually selecting a single 525 confocal section that showed the highest staining intensity for Smog for a 526 given neuron. The stained area at the tip of the dendrite was manually 527 outlined and the mean grey value for intensity was measured using the Image 528 J software. The intensity in the nuclear region was taken as a measure of the 529 background staining since we tend to see significant Smog staining in the 530 muscles and cells surrounding the chordotonal organ. The average 531 background value was calculated from the intensity of at least 5 distinct nuclei 532 from independent chordotonal organs in a given embryo. This value was 533 subtracted from the Smog intensity obtained for individual neurons for that 534 embryo. The mean gray value after background subtraction was normalized 535 and used to plot the graph. 536
Quantitative PCR: Stage 16 and stage late 16 embryos were used to isolate 537 total RNA using the Trizol method according to the manufacturer's 538 instructions. Homozygous htl AB42 mutants were sorted unequivocally based 539 on the absence of the GFP balancer and also on the basis of the gut defects 540 seen in these mutants. cDNA synthesis was carried out from 1µg of total 541 RNA using Verso cDNA synthesis kit from thermoscientific 
